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SELF CONTAINED CAPILLARY
ELECTROPHORESIS SYSTEM FOR
INTERFACING WITH MASS
SPECTROMETRY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
application Ser. No. 61/064,485 filed Mar. 7, 2008 and U.S.

provisional application Ser. No. 61/193,214 filed Nov. 6,
2008.

FIELD OF THE INVENTION

The present mnvention relates to a complete capillary elec-
trophoresis (CE) system that 1s capable of providing a con-

tinuous tlow of effluent at the exit of the flow-through outlet
vial. More particularly, this invention relates to a self-con-
tained capillary electrophoresis system with a flow-through
outlet vial for interfacing with mass spectrometry.

BACKGROUND OF THE INVENTION

Capillary electrophoresis (CE) 1s an analytical technique
that uses large electrical potentials applied across narrow bore
fused silica capillaries to separate i1ons 1n solution. In the
applied electrical field, positive and negative 1ons migrate 1n
solution towards the anode and cathode, respectively. In addi-
tion, an electroosmotic flow can also present during the CE
processes, depending on the surface charge of the inner cap-
illary wall, the pH, and the electrolyte composition.

Although CE gives excellent separation elliciencies, the
small (<100 um) capillary 1mner diameters give very short
path lengths for optical detection methods. This, along with
the small 1njection volumes used, leads to a concentration
sensitivity that 1s often lower than that achievable using liquad
chromatography. One attractive alternative to optical detec-
tion 1s mass spectrometry (MS), which 1n addition to provid-
ing sensitive detection gives additional separation in gas
phase and structural information on the analytes. However,
interfacing the two methods presents a number of challenges.
In order to be analyzed by MS, the 10ns in solution during CE
must be converted to gaseous 10ons. Additionally, 1n order to
operate 1n an online fashion the outlet vial of a typical CE
instrument must be replaced by another means of electrical
contact that does not significantly reduce the separation reso-
lution.

The most popular method to achieve this coupling 1s elec-
trospray 1onmization (ESI), which was first proposed as a
source of 1ons for mass analysis. The various teachings of
Fenn et al. helped to demonstrate the potential of ESI for mass
spectrometry. Since then, ESI has become one of the most
commonly used types of 1omization techniques due to 1its
versatility, ease of use, and elflectiveness for large biomol-
ecules.

ESI involves applying a high electrical potential to a liquid
sample tlowing through a capillary. Droplets from the liquid
sample become charged and an electrophoretic type of charge
separation occurs. In positive 1on mode ESI, positive 1ons
migrate downstream towards the meniscus of the liquid at the
tip of the capillary. Negative 1ons are repelled back towards
the capillary, resulting 1n charge enrichment. Subsequent {is-
sions or evaporation of the charged droplets result in the
formation of single solvated gas phase 10ons. These 10ns are
then transmitted to the aperture of the mass spectrometer for

separation based on their mass to charge ratio and detection.
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The challenge 1n CE-ESI-MS 1s that both the CE and ESI
processes require stable electrical contact of the solution with
an electrode at the capillary outlet without interruption of the
clectroosmotic tlow from the CE separation. Many different
interfaces have been proposed, however most sufler from
1ssues of excessive sample dilution, loss of resolution, spray
instability and/or fragility and cost of the interface. The inter-
taces proposed for CE-MS can be divided into two categories:
those using an additional liquid flow which mixes with the CE
eluent, and those which do not.

The first category, known as sheath-flow interfaces, was the
most popular type of interface 1n the early years of CE-MS
appplications and 1s also the design found 1n current commer-
cial CE-ESI-MS systems. The flowing sheath liquid that sur-
rounds the capillary terminus serves two purposes. The first 1s
to establish electrical contact with the capillary solution in
order to drive the CE separation and the ESI process. The
second purpose 1s to modily the composition of the CE elec-
trolyte to make it more compatible with ESI and MS detec-
tion. In addition, in the early stages of CE-MS development
most 1mnterfaces were adapted to fit into existing LC-MS set-
ups, which required much higher tlow rates than those deliv-
cred by CE. Therefore, the sheath liquid also served to
increase the liquid tlow to levels comparable to those found 1n
liquid chromatography.

Sheath-tlow interfaces also can be further divided 1nto two
categories: those where the sheath liquid tlow 1s coaxial with
the separation capillary and mixes with the separation butier
at the capillary terminus, and those where the sheath liquid 1s
added by means of a junction before the CE terminus. It has
been demonstrated that coaxial sheath flow interfaces give
improved performance over those with a liquid junction.

Although sheath-flow interfaces do allow for more diverse
conditions to be used during the CE separation, the addition
of the sheath liquid dilutes the samples and leads to a signifi-
cant loss 1n sensitivity. Because the small injection volumes
used 1n CE give a concentration sensitivity that 1s low to begin
with, this additional loss 1s 1n many cases an unacceptable
sacrifice. More recently, sheath-flow interfaces have been
developed that use even lower flow rates (some less than 200
nl./min) (Wahl, J. H., et al., Attomole Level Capillary Elec-
trophoresis-Mass Spectrometric Protein Analysis Using
S-um-1.d. Capillaries. Analytical Chemistry, 1992. 64: p.
3194-3196; Olivares, JI. A., et al., On-Line Mass Spectromet-
ric Detection for Capillary Zone Electrophoresis. Analytical
Chemistry, 1987. 59: p. 1231). One of these, the pressurized
liguid junction, 1s similar to the original liquid junction
design, however the junction 1s slightly wider (up to 300 um)
and 1s located 1n a pressurized reservoir of make-up liquid.
The addition of pressure helps to prevent defocusing of the
CE effluent in the gap region that would lead to reduced
resolution. To prevent back-tlow due to the pressure difieren-
tial across the separation capillary the 1nlet vial must also be
pressurized. The conductive make-up liquid establishes elec-
trical contact between the background electrolyte (BGE) and
the shared electrode, and also supplies a consistent tlow to the
clectrospray tip 1n cases when the flow rate from CE 1s msui-
ficient. The additional flow introduced 1n these ‘pressurized
junction” interfaces does add a dilution factor, however it 1s
much less than in the case of more traditional sheath-flow
interfaces.

A sheath-flow nanospray interface has also been developed
using a coaxial arrangement of silica capillaries. The terminal
end of the narrow separation capillary 1s coated with gold to
create an electrical contact outside of the separation path. It1s
then 1nserted 1nto a larger-diameter silica capillary with the
end pulled to a taper. The coaxial capillary assembly 1is
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mounted 1n a standard 1onspray interface. Sheath liquid 1s
passed through the larger Caplllary and tlows over the end of
the separation capillary, carrying CE eitluent to the tapered
tip. The dilution factor with this arrangement 1s less than %5
and the total tlow rate of the combined solutions 1s approxi-
mately 500 nl./muin.

Another strategy for low volume sheath-tlow electrospray
interface uses a beveled tip to reduce the required flow rates
for stable spray operation without significantly reducing the
inner diameter of the emitter tip. One application of the bev-
cled tip uses a novel mixing arrangement that 1s neither
coaxial nor a traditional liquid junction. The CE effluent and
sheath liquid are delivered to the emitter tip 1n parallel capil-
laries and mixing occurs directly at the emitter orifice.

Despite the dilution that 1s mnherent to sheath-flow inter-
faces, they offer a number of important advantages. Because
the solution exiting the interface 1s primarily made up of
sheath liquid, 1t 1s possible to use a wider variety of back-
ground electrolytes or additives in the CE process that might
otherwise be incompatible with ESI-MS. It 1s also advanta-
geous to use the sheath-liquid to create electrical contact at
the CE capillary terminus, as this keeps the electrolysis pro-
cess away from the analyte path. Finally, sheath-flow inter-
faces are generally robust and well suited to commercializa-
tion.

Despite recent advances, sheath-flow interfaces have yet to
match the sensitivity achievable with sheathless interfaces.
Sheathless intertaces are often categorized by the number of
pieces through which the liqud flow passes. The first and
most common type ol sheathless interface mmvolves only a
single section of capillary which acts as both the separation
channel and the electrospray emitter. In fact, the very first
demonstration of mass spectrometry as an online detector for
capillary electrophoresis was reported by Olivares and
coworkers 1 1987 using an interface fabricated by vapour
deposition of silver onto a capillary terminus protruding
slightly from a metal sheath electrode. The deposited metal
created contact between the sheath electrode and the CE
clectrolyte.

Several other conductive coating materials have been
tested 1n addition to silver, including gold copper, nickel and
graphite. Unfortunately coated tips have short lifetimes due to
the high electrical fields acting on the metal coating at the tip.
Generally they can only be used for a few days before the
deterioration of the coating renders operation unstable. Sta-
bility may be improved by pre-treating the capillary surface
or mixing different materials into the coating.

Peters son and coworkers explored the possibility of using
a thin {ilm of static liquid between the capillary tip and ametal
sheath pulled back slightly from the capillary tip to establish
clectrical contact. It has also been demonstrated that CE-ESI-
MS can be performed with no electrode whatsoever at the
capillary terminus. In this case electrical contact 1s estab-
lished through the space between the capillary tip and the
grounded onﬁce of the mass spectrometer. Although this
appears to offer an extremely simple solution to interfacing,
the position of the capillary tip with respect to the mass
spectrometer 1s critical and 1t 1s not possible to control the
separation and spray voltages independently.

An alternative to coating the capillary tip 1s to mnsert a wire
clectrode 1nto the capillary channel in order to make electrical
contact. Several different means to this end have been tested.
When larger inner diameter capillaries are used a thin wire
clectrode may be inserted 1nto the end of the capillary channel
or into a small hole drilled near the capillary terminus. How-
ever, this creates turbulence and reduces the resolving power
of the CE separation. Turbulence can be reduced by using a
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hole filled with conductive gold epoxy rather than wire, how-
ever, as with any situation where electrolysis occurs within

the separation channel this may lead to bubble formation
inside the separation channel.

Another strategy for creating electrical contact 1s to split
the liquid flow from the capillary so that a portion of the tlow
contacts an outside electrode, known as a split-tlow interface.
Splitting 1s achieved through a drilled hole or a small crack 1n
a single capillary which serves both as the separation chamber
and electrospray tip. While this does well at preserving the
separation, the difficulty in thus strategy lies in creating repro-
ducible holes or cracks which give the desired split ratio
between the two flow paths. An alternative process 1s the use
of hydrofluoric acid to etch away sections of the outside
surface of the fused silica capillary to the point where the
capillary walls become porous. Electrical contact can then be
made through the porous location of capillary wall, either by
immersing the etched portion of the capillary 1n a bulifer
reservolr, or by inserting 1t into a metal sheath filled with a
thin film of liquid. Although interfaces of this type have been
shown to be quite successiul, the production 1s unappealingly
hazardous and the capillaries are extremely fragile.

In two-capillary sheathless interfaces, the ends of the sepa-
ration capillary and a capillary acting as the spray tip are
closely butted together at a junction. No additional flow 1s
introduced through the junction however electrical contact 1s
established through a surrounding electrolyte into which the
terminal electrode 1s placed. Junctions have been constructed
using microdialysis tubing, a metal sleeve connected to the
power source, or a to align the two capillaries and to introduce
contact with an electrode. Although these techniques offer the
advantage ol moving the location of the electrolysis process
to the outside of the CE circuit, they are difficult to align 1n a
way that will not decrease the separation resolution. Similarly
it 1s also possible to join the separation capillary with a metal
t1p that acts as both the sprayer and electrode, however align-
ment and bubble production remain problematic.

It has been well documented that many organic solvents,
salts and other additives commonly used in CE can have a
negative 1mpact on the 1onmization efficiency of analytes of
interest. This can be resolved in part by the use of a sheath-
flow or liquid-junction interface, which alters the composi-
tion of the CE effluent with a more compatible sheath liquid.
Similar concepts also exist in liquid chromatography. For
example, a modilying solution has been added to LC effluent
to counteract the 1onization suppression due to trifluoroacetic
acid 1 the mobile phase. Adjustment of this type to the
chemical environment of the analytes can significantly
increase the detection sensitivity by optimizing 1onization
conditions.

SUMMARY OF THE

INVENTION

An object of one aspect of the present invention 1s to
provide a self-contained capillary electrophoresis system
with a tflow-through outlet vial for interfacing with mass
spectrometry. A further object of the present mvention 1s to
provide a means of interfacing capillary electrophoretic and/
or chromatographic separations online with detection sys-
tems. The detection systems can be one or more of a number
of methods for detection and/or analysis, including mass
spectrometry analysis. A further object of the present inven-
tion 1s to provide a means of interfacing capillary electro-
phoretic separations with detection systems which 1s simple
and 1nexpensive to assemble.

In accordance with an aspect of the present invention there
1s provided a capillary electrophoresis (CE) microvial cou-
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pler for interfacing a capillary with an inline downstream
detection system comprising an electrically conductive hol-
low needle having an inner wall defining an internal tapered
chamber, the needle having an upstream opening and a down-
stream exit orifice, the downstream exit orifice axially
opposed to the upstream opening, the internal tapered cham-
ber dimensioned and configured to have a diameter decreas-
ing from a larger diameter at the opening to a smaller diameter
at the exiat orifice to form a taper on the inner wall 1n the
longitudinal direction from the opening to the exit orifice, the
larger diameter at the opening dimensioned and configured to
slidably accept a terminus end of a capillary.

In accordance with a further aspect of the present invention
there 1s provided a capillary electrophoresis (CE) system
comprising a capillary having an upstream inlet end and a
downstream terminus end; an electrically conductive hollow
needle having an iner wall defining an internal tapered
chamber, the needle having an upstream opening and a down-
stream exit orifice, the downstream exit orifice axially
opposed to the upstream opening, the internal tapered cham-
ber dimensioned and configured to have a diameter decreas-
ing from a larger diameter at the opening to a smaller diameter
at the exit orifice to form a taper on the inner wall 1n the
longitudinal direction from the opening to the exit orifice, the
larger diameter at the opening dimensioned and configured to
slidably accept the terminus end of the capillary, the capillary
longitudinally 1nserted mto and mounted within the internal
tapered chamber to a distance whereby the terminus end of
the capillary abuts the inner wall of the needle at the taper; and
wherein a micro-reservolr 1s formed between the terminus
end of the capillary and the downstream exit orifice.

In accordance with another embodiment of the present
invention there 1s provided a sheathless CE-MS interface
comprising: an electrically conductive hollow needle having
a needle wall defining a chamber tapered along the needle
axis Irom an upstream opening to a downstream orifice; a
capillary with an end and an outer diameter, the capillary
outer diameter greater than the downstream orifice, the cap-
illary suitable to contain background electrolyte therein, the
capillary end disposed within the chamber, the capillary end
and the needle wall defining a micro-reservoir; wherein the
micro-reservolr 1s suitable to contain reservoir electrolyte,
wherein when the micro-reservoir contains the reservoir elec-
trolyte, the reservoir electrolyte forms an electrical connec-
tion between the background electrolyte and the conductive
needle to cause CE separation.

In accordance with another embodiment of the present
invention there 1s provided a sheathless CE-MS system com-
prising: a {irst vial; an electrode disposed within the first vial;
a hollow needle having an electrically conductive wall defin-
ing a chamber tapered along the needle axis from an upstream
opening to a downstream orifice; a capillary with a first end,
a second end, and an outer diameter, the outer diameter
greater than the downstream orifice, the first end disposed
within the first vial, the second end disposed within the cham-
ber, the second end and the inner wall of the needle defining
a micro-reservolr; a counter-electrode adjacent the down-
stream orifice; a first electrical potential applied between the
clectrode and the needle; a second electrical potential applied
between the needle and the counter-electrode; and wherein
the micro-reservoir 1s suitable to contain reservoir electrolyte,
wherein when the micro-reservoir contains the reservoir elec-
trolyte, the reservoir electrolyte forms an electrical connec-
tion between the capillary second end and the needle to cause
CE separation and electrospray.

Advantages of the present invention include: automatic
alignment of the capillary 1n the tapered needle; a simple and
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inexpensive mterface of capillary electrophoretic separations
with detection systems; amenable to mass production; repro-
ducible positioming of the capillary inside the needle 1n the
longitudinal direction; coaxial alignment of the capillary
within the needle; designed for ease of replacement of the
capillary when required; easily adaptable to auxiliary flow of
solution; good resolution of analytes between the separation
and electrospray processes.

BRIEF DESCRIPTION OF THE DRAWINGS

A detailed description of the preferred embodiments are
provided herein below with reference to the following draw-
ings in which:

FIG. 1(a), in plan view, 1illustrates a sheathless capillary
clectrophoresis-mass spectrometer (CE-MS) system 1n
accordance with an embodiment of the present invention;

FIG. 1(b), 1n plan view, illustrates 1n detail the mechanical

connection between the capillary, spray needle and fittings of
the sheathless CE-MS system of FIG. 1(a).

FIG. 2(a), in plan view, illustrates a sheathless CE-MS
system 1n accordance with another embodiment of the present
imnvention;

FIG. 2(b) 1n plan view, 1llustrates 1n detail the mechanical
connection between the capillary, spray needle and fittings of
the sheathless CE-MS system of FIG. 2(a);

FIG. 3(a), 1n plan view, illustrates 1n detail the msertion of
the separation capillary 1nto the electrospray needle of the
sheathless CE-MS system of FIG. 1;

FIG. 3(b), 1n plan view, illustrates 1n detail the msertion of
the separation capillary 1nto the electrospray needle of the
sheathless CE-MS system of FIG. 2;

FIG. 4 illustrates an exemplary absorbance trace of an
clectrophoretic separation obtained using an embodiment of
the present invention operating in CE-only mode;

FIG. 5 illustrates an exemplary liquid drop exiting the
clectrospray needle of an embodiment of the invention when
operated 1n CE-only mode;

FIG. 6 illustrates an exemplary mass spectral trace
obtained from an embodiment of the invention set for opera-
tion as an electrospray 1onization source only;

FIG. 7 illustrates exemplary mass spectral data obtained
from operation of an embodiment of the mnvention for sepa-
ration of a mixture of amino acids. The amino acid electro-
pherograms are A) Glycine, B) Alanine, C) Serine, Proline, E)
Valine, F) Threomine, G) Cysteine, H) Isoleucine, 1) Aspar-
agine, J) Aspartic acid, K) glutamine, Lysine, L) Glutamic
acid, M) Methiomine, N) Histidine, O) Phenylalanine, P)
Arginine, Q) Tryptophan;

FIG. 8 illustrates exemplary mass spectral data for separa-
tion of a mixture of peptides using an embodiment of the
present invention. The electropherograms are identified as
corresponding to R) Angiotensin II (+2); S) Met Enkaphalin
(+1), T) Substance P (+2), U) Bradykinin (+2), V) Neuro-
tensin (+2), and W) total 1on;

FIG. 9 1llustrates electrospray 1onization occurring from a
needle having a beveled tip of an embodiment of the present
invention at (a) high and (b) low tlow rates.

In the drawings, preferred embodiments of the mvention
are 1llustrated by way of example. It is to be expressly under-
stood that the description and drawings are only for the pur-
pose ol 1llustration and as an aid to understanding, and are not
intended as a definition of the limits of the invention.

DETAILED DESCRIPTION OF THE INVENTION

A separation capillary 1s inserted into an electro-conduc-
tive needle that has an 1nside diameter slightly larger than the
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outer diameter of the capillary. At the needle tip the inner
geometry of the needle 1s shaped such that the inner diameter
near the tip 1s less than the outer diameter of the CE separation
capillary. For example, the inner geometry of the needle may
be tapered or rounded which allows reproducible positioning
of the capillary inside the needle 1n the longitudinal direction
since the capillary will only enter the needle to the point
where the internal diameter of the needle matches the external
diameter of the capillary. Coaxial alignment 1s also achieved,
since the symmetrical internal taper will hold the capillary
centred within the needle. The inner diameter of the needle 1s
larger than, equal to, or less than the inner diameter of the
capillary. Standard fittings are used to hold the capillary 1n
position, once 1t has been inserted into the needle. The CE
capillary can be easily replaced 1f necessary, by pulling out
the capillary, and inserting a new one. In the case of mass
production, single piece CE-MS cartridges, or capillaries
with a needle tip attached, can be manufactured at a reason-
able cost. A tee union can be used to add an auxiliary tlow of
solution into the needle, such that the auxiliary solution tlows
coaxially around the terminus of the separation capillary
before exiting the needle.

The open volume at the terminal end of the separation
capillary within the sheathless interface constitutes a tlow-
through micro-reservoir that replaces the outlet vial used in
traditional CE separation, providing electrical contact with
the electrode, while allowing the analytes and products of
clectrolysis to pass through to the needle tip. Filling or replen-
iIshment of the micro-reservoir may be accomplished simply
by flushing the background electrolyte through the CE capil-
lary prior to starting a separation, or by flushing the auxiliary
solution through the tee union. The presence of the micro-
reservolr volume between the caplllary terminus and needle
aperture exit does not significantly atfect the shapes of peaks
separated on the CE capillary. It 1s therefore possible to main-
tain good resolution of analytes between the separation and
clectrospray processes.

The use of this flow-through micro wvial essentially
decouples the CE process from the interfaced detector, mak-
ing the CE process less dependent on the type, and the prin-
ciple of operation, of the coupled detector. The CE process
may thus continue regardless of what the detector 1s. The
addition of auxiliary solution can be used to modify both the
flow rate and chemical properties of the effluent in order to
increase compatibility with subsequent analytical methods.
The effluent that comes out of the microvial 1s then delivered
to the next stage process, either by ionization or by other
means, to prepare the analyte for the optimized detection
condition.

The electrospray needle 1s connected to a power source and
acts as the terminal electrode for the CE separation as well as
being part of the electrical circuit necessary for electrospray
ionization of the analytes. The relative potentials on the CE
inlet electrode, electrospray needle and ESI counter electrode
will depend on the modes of CE and ESI desired. In order to
compensate for the wide range of flow rates that may be
delivered through the use of different CE and modifier con-
ditions, a beveled needle tip can be used. In this case the
Taylor cone forms at the sharpest point of the bevel and the
s1ze o the cone self-adjusts to the flow rate exiting the needle
aperture, allowing for stable spray operation regardless of the
flow rate.

Referring to FIGS. 1(a) and 1(b), there 1s shown 1n plan
view, a sheathless capillary electrophoresis-mass spectrom-
cter (CE-MS) system (1) 1n accordance with an embodiment
of the present invention. The system (1) comprises a first vial

(10) for holding a liquid sample (12); an electrode (15) dis-
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posed within the first vial (10) and connected to a first high
voltage power supply (16); a fused silica capillary (14) having
a first end (18) disposed 1n the liquid sample (12) and a second
end (20). There 1s provided a electrically conductive hollow
needle (22) having an inner wall defining an internal tapered
chamber (30) (see FIG. 3(a)), the needle (22) having an
upstream opening (21) and a downstream exit orifice (23), the
downstream exit orifice (23) axially opposed to the upstream
opening (21), the internal tapered chamber dimensioned and
configured to have a diameter decreasing from a larger diam-
cter at the opening to a smaller diameter at the exit orifice (23)
to form a taper on the inner wall in the longitudinal direction
from the openmg to the exit orifice (23), the larger diameter at
the opening dimensioned and configured to slidably accept
the second end (20) of the capillary (14). Asillustrated in FIG.
1(b), standard chromatography fittings including upstream
and downstream PEEK or stainless steel nuts (16, 18), a union
(19) and a ferrule (17) are provided to connect and hold the
capillary (14) and the needle (22) in place. The needle (22) 1s
connected to a second power supply (26) so that a first elec-
trical potential can be applied between the electrode (15) and
the needle (22). A counter electrode (28) 1s positioned down-
stream of the exit orifice (23) of the needle (22). The counter
clectrode (28) may be any standard mass spectrometry
sample aperture, or any instrumental interface that 1s electri-
cally connected. The relative voltages on the first vial (10),
needle (22) and counter electrode (28) will depend on the
mode of capillary electrophoresis and electrospray 1onization
desired. The region between the exit orifice (23) of the needle
(22) and the counter electrode (28) may be held at atmo-
spheric pressure.

As shown 1n FIG. 3(a), when the second end (20) of the
capillary (14) 1s mnserted into the internal tapered chamber
(30) of the needle (22) a tlow-through micro-reservoir (32) 1s
formed between the second end (20) of the capillary (14) and
the downstream exit orifice (23). The micro-reservoir (32) 1s
suitable to contain reservoir electrolyte, wherein when the
micro-reservoir (32) contains the reservoir electrolyte, the
reservolr electrolyte forms an electrical connection between
the second end (20) of the capillary (14) and the needle (22)
to cause capillary electrophoresis separation and electro-
spray. The micro-reservoir may take many shapes 1n addition
to the ones depicted in FIG. 3 and, 1n an extreme case, may
simply be the volume of the needle aperture and the thickness
of the metal at the tip of the electrode. A feature of the
micro-reservoir 1s that it provides electrical contact between
the metal spray needle and the solution within the capillary.

Referring to FIGS. 2(a) and 2(b), there 1s shown in plan
view, a sheathless capillary electrophoresis-mass spectrom-
cter (CE-MS) system (100) i accordance with another
embodiment of the present invention. The system (100) com-
prises a first vial (101) for holding a liquid sample (120); an
clectrode (150) disposed within the first vial (101) and con-
nected to a first high voltage power supply (160); a first fused
silica capillary (140) having a first end (180) disposed 1n the
liquid sample (120) and a second end (200). There 1s provided
a electrically conductive hollow needle (220) having an inner
wall defining an internal tapered chamber (300) (see FIG.
3(b)), the needle (220) having an upstream opening (210) and
a downstream exit orifice (230), the downstream exit orifice
(230) axaally opposed to the upstream opening (210), the
internal tapered chamber dimensioned and configured to have
a diameter decreasing from a larger diameter at the opening to
a smaller diameter at the exit orifice (230) to form a taper on
the inner wall 1n the longitudinal direction from the opening
to the exat orifice (230), the larger diameter at the opening
dimensioned and configured to slidably accept the second end
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(200) of the first capillary (140). The system (100) turther
comprises an auxiliary fused silica capillary (400) having a
first end (480) and a second end (600). The first end (480)
disposed 1n an auxiliary liquid sample (412) contained 1n an
auxiliary vial (410), an auxiliary electrode (415) disposed
within the auxiliary vial (410) and connected to ground.

As 1llustrated 1 FIG. 2(b), standard chromatography fit-
tings including upstream and downstream PEEK or stainless
steel nuts (460, 481), a tee junction (490), a ferrule (420) and
a PEEK nut (421), are provided to connect and hold the first
capillary (140) and the needle (220) 1n place 1n a linear align-
ment and to hold and orient the auxiliary capillary (400)
perpendicularly therebetween. The needle (220) 1s connected
to a second power supply (260) so that a first electrical poten-
t1al can be applied between the electrode (150) and the needle
(220). A counter electrode (280) 1s positioned downstream of
the exit orifice (230) of the needle (220). The counter elec-
trode (280) may be any standard mass spectrometry sample
aperture, or any instrumental interface that 1s electrically
connected. The relative voltages on the first vial (101), needle
(220) and counter electrode (280) will depend on the mode of
capillary electrophoresis and electrospray 1onization desired.
The region between the exit orifice (230) of the needle (220)
and the counter electrode (280) may be held at atmospheric
pressure.

As shown 1n FIG. 3(b), when the second end (200) of the
first capillary (140) 1s inserted 1nto the internal tapered cham-
ber (300) of the needle (220) a flow-through micro-reservoir
(320) 1s formed between the second end (200) of the capillary
(140) and the downstream exit orifice (230). The micro-res-
ervoir (320) 1s suitable to contain reservoir electrolyte,
wherein when the micro-reservoir (320) contains the reser-
voir electrolyte, the reservoir electrolyte forms an electrical
connection between the second end (200) of the first capillary
(140) and the needle (220) to cause capillary electrophoresis
separation and electrospray.

Auxiliary liquid sample (412) tlows through the auxihiary
capillary (400) from the first end (480) to the second end
(600) and into the internal chamber (492) of the tee junction
(490) thereby surrounding the outer surface of the first cap-
illary (140) and flowing into the micro-reservoir (320).

FIG. 3 demonstrates the selif-aligning properties of the
present invention, whereby the internal taper of the spray
needle guides the capillary to a position that 1s both centred
with respect to the needle exit orifice and consistent with
respect to the volume of the micro-reservortr.

The micro-reservoir offers the unique feature that the inter-
face provides a complete outlet vial substitute, such that CE
can be performed 1n the absence of an electrospray.

Referring to FIG. 4 there 1s 1llustrated an exemplary absor-
bance trace of an electrophoretic separation obtained using an
embodiment of the present invention operating in CE-only
mode. FIG. 4 shows the absorbance trace of the separation of
a mixture ol amino acids and caffeine using the interface 1n
CE-only mode. In this case the needle 1s grounded and liquid
exits the needle as drops. The CE-only mode offers improved
versatility, allowing the use of electrokinetic injection prior to
CE separation without altering the CE-MS set-up. It also
makes available the possibility of only spraying for a part of
the CE separation, which would be advantageous for online
focusing or dervitization techniques requiring high-salt buil-
ers or surfactants.

Referring to FIG. 5, there 1s illustrated an exemplary liquid
drop exiting the electrospray needle of an embodiment of the
invention when operated 1n CE-only mode.

Referring to FIG. 6, there 1s 1llustrated an exemplary mass
spectral trace obtained from an embodiment of the invention
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set for operation as an electrospray 1onization source only.
FIG. 6 shows the interface operating 1n ESI-only mode with-
out auxiliary solution. A plug of caifemne (0.5 mM 1n phos-
phate, pH 9, 10% methanol) 1s sprayed and detected by MS as
it 1s pushed through the mterface using pressure only. The
injection was run at 25 kV for 0.5 s at 10 psig. The symmetric
peak profile shows that the solution 1n the micro reservoir and
the shape of the micro vial does not distort the peak shape
significantly, and that the analyte coming out of the capillary
1s not trapped by the micro reservorr.

Referring to FIG. 7 there 1s illustrated exemplary mass
spectral data obtained from operation of an embodiment of
the invention. FIG. 7 shows the mass spectral data for a CE
separation ol a mixture of amino acids with the use of an
auxiliary tflow to compensate for the near-zero bulk tlow of
the CE separation when an acidic background electrolyte 1s
used. A mixture of amino acids 1s separated by CE and sepa-
rated by the MS. The separation of the amino acids A) Gly-
cine, B) Alanine, C) Serine, D) Proline, E) Valine, F) Threo-
nine, G) Cysteine, H) Isoleucine, I) Asparagine, J) Aspartic
acid, K) glutamine, Lysine, L) Glutamic acid, M) Methionine,
N) Histidine, O) Phenylalanine, P) Arginine, Q) Tryptophan
1s 1llustrated.

Referring to FIG. 8 there 1s 1llustrated the mass spectral
data for a pressure-assisted CE separation of a mixture of five
peptides with online electrospray 1ionization. W 1llustrates the
total 1on electropherogram. R 1s identified as the electro-
pherogram for Angiotensin I (+2) with am/z range 01 449.6-
450.3. S 1s 1dentified as the electropherogram for Met
Enkaphalin (+1) with a m/z range of 573.8-574.2. T 1s 1den-
tified as the electropherogram for Substance P (+2) witham/z
range of 672.9-674.4. U 1s 1dentified as the electropherogram
for Bradykinin (+2) with a m/z range of 530.0-331.1. V 1s
identified as the electropherogram for Neurotensin (+2) with
am/zrange ol 837.5-838.8. Neither the CE separation param-
cters nor the electrospray parameters were optimized prior to
the analysis. The peak identities for the various charge states
of the peptides analyzed are recorded in Table 1 below.

TABLE 1
Separation of a mixture ot 5 peptides
charge:
+1 +2 +3 +4 +3
peptide Peak (m/z)
angiotensin II RO5.88  R96.9 4489 299.6 225.0 180.2
neurotensin 1671.66 16727 836.8 55R.2 418.9 335.3
bradykinin 1058.76 1059.8 5304 353.9 265.7 212.8
met enkephalin 572.7 573.7 2874 191.9 144.2 115.5
substance P 1345.7 1346.7 6739 449 .6 337.4 270.1

Referring to FI1G. 9, there 1s illustrated exemplary electro-
spray 1onization occurring from a beveled needle tip with a
beveled tip at (a) high and (b) low flow rates. The self-adjust-
ing properties of the Taylor cone 1n response to different flow
rates can be observed. In 9 (a) amodifier 1s added at a low flow
rate, leading to the formation of a small Taylor cone at the
sharpest point of the bevel. In 9 () the modifier tlow rate 1s
increased and the size of the Taylor cone increases corre-
spondingly. This demonstrates the self-adjusting properties
of the interface when used with a beveled needle tip. A larger
range of effluent tlow rate can be handled by the same inter-
face without any additional modification of the system.

Numerous modifications, variations, and adaptations may
be made to the particular embodiments of the invention
described above without departing from the scope of the
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invention. All such modifications or variations are believed to
be within the sphere and scope of the invention as defined by
the claims appended hereto.

What 1s claimed 1s:

1. A column separation system comprising;:

a capillary having an upstream inlet end and a downstream
terminus end;

an electrically conductive hollow needle having an inner
wall defining an internal tapered chamber, the needle
having an upstream opening and a downstream exit ori-
fice, the downstream exit orifice axially opposed to the
upstream opening, the internal tapered chamber dimen-
stoned and configured to have a diameter decreasing
from a larger diameter at the openming to a smaller diam-
cter at the exit orifice to form a taper on the inner wall 1n
a longitudinal direction from the opening to the exit
orifice, the larger diameter at the opening dimensioned
and configured to slidably accept the terminus end of the
capillary, the capillary longitudinally inserted into and
mounted within the internal tapered chamber to a dis-
tance whereby the terminus end of the capillary 1n opera-
tional state abuts the inner wall of the needle at the taper;
and

a tlow-through micro-reservoir 1s formed between the ter-
minus end of the capillary and the downstream exit
orifice.

2. The system of claim 1 further comprising:

a junction means upstream of the needle for providing an
auxiliary solution whereby the auxiliary solution 1s
directed to flow coaxially along the outside of the cap-
illary from the upstream opening of the needle to the
flow-through micro-reservorr.

3. The system of claim 2 wherein the junction means fur-

ther comprises

a tubular body portion having a first opening and a second
opening, the first opening axially opposed to the second
opening, the tubular body portion dimensioned and con-
figured to allow passage of the capillary therethrough;

a means for securing the capillary 1n the first opening;

a means for securing the needle in the second opening; and

a tubular branch portion having a branch opening, the
tubular branch portion being in fluild communication
with the tubular body portion via the branch opening
located between the first opening and the second open-
ing of the tubular body portion, the tubular branch por-
tion provided with means for securing an auxiliary cap-
illary within the branch opening.

4. The system of claim 3 wherein the column separation
system 1s a capillary electrophoresis system and the down-
stream exit orifice of the needle 1s adapted for use as an
clectrospray emitter, the electrospray emitter 1s coupled to a
mass spectrometer, the needle has a downstream bevel shaped
tip, and the internal tapered chamber of the needle has a
parabolic shape, the parabolic shape having a smaller diam-
cter at the downstream exit orifice of the needle and a larger
diameter at the opening of the internal tapered chamber.

5. The system of claim 1 wherein the downstream exit
orifice of the needle 1s adapted for use as an electrospray
emitter.

6. The system of claim 1 wherein the downstream exit
orifice of the needle 1s coupled to a mass spectrometer.

7. The system of claim 1 wherein the downstream exit
orifice of the needle 1s coupled to a fraction collection appa-
ratus.

8. The system of claim 1 wherein the downstream exit
orifice of the needle 1s coupled to an external analytical appa-
ratus.
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9. The system of claim 1 wherein the column separation
system 1s a capillary electrophoresis system.

10. The system of claim 1 wherein the downstream exit
orifice of the needle 1s adapted for use as an electrospray
emitter and the electrospray emitter 1s coupled to a mass
spectrometer.

11. The system of claim 1 wherein,

the needle has a downstream bevel shaped tip; and

the 1nternal tapered chamber of the needle has a parabolic
shape, the parabolic shape having a smaller diameter at
the downstream exit orifice of the needle and a larger
diameter at the opening of the internal tapered chamber.

12. The system of claim 11 wherein the downstream exit
orifice of the needle 1s adapted for use as an electrospray
emitter.

13. The system of claim 1 wherein the column separation
system which 1s a capillary electrophoresis system and
wherein the downstream exit orifice of the needle 1s adapted
for use as an electrospray emitter and the electrospray emitter
1s coupled to a mass spectrometer.

14. The system of claim 13 wherein the internal tapered
chamber of the needle has a parabolic shape, the parabolic
shape having a smaller diameter at the downstream exit ori-
fice of the needle and a larger diameter at the opening of the
internal tapered chamber.

15. The system of claim 1 wherein the column separation
system 1s a capillary electrophoresis system and the down-
stream exit orifice of the needle 1s adapted for use as an
clectrospray emitter, the electrospray emitter 1s coupled to a
mass spectrometer, the needle has a downstream bevel shaped
tip, and the internal tapered chamber of the needle has a
parabolic shape, the parabolic shape having a smaller diam-
cter at the downstream exit orifice of the needle and a larger
diameter at the opening of the internal tapered chamber.

16. The system of claim 1 wherein the needle has a down-
stream bevel shaped tip.

17. The system of claim 1 wherein the internal tapered
chamber of the needle has a parabolic shape, the parabolic
shape having a smaller diameter at the downstream exit ori-
fice of the needle and a larger diameter at the opening of the
internal tapered chamber.

18. A capillary electrophoresis-mass spectrometer system
comprising:

a first vial;

an electrode disposed within the first vial;

an electrically conductive hollow needle having an inner
wall defining an internal tapered chamber, the needle
having an upstream opening and a downstream orifice,
the downstream orifice axially opposed to the upstream
opening, the internal tapered chamber dimensioned and
configured to have a diameter decreasing from a larger
diameter at the upstream opening to a smaller diameter
at the downstream orifice to form a taper on the nner
wall 1n a longitudinal direction from the upstream open-
ing to the downstream orifice;

a capillary with a first end, a second end, and an outer
diameter, the outer diameter greater than the down-
stream orifice, the first end disposed within the first vial,
the second end disposed within the internal tapered
chamber, wherein the larger diameter at the opeming of
the needle 1s dimensioned and configured to slidably
accept the second end of the capillary, the second end of
the capillary 1n operational state abuts the inner wall of
the needle at the taper, the second end and the mner wall
of the needle defining a flow-through micro-reservoir,
the flow-through micro-reservoir suitable to contain res-
ervoir electrolyte, wherein when the flow-through
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micro-reservolr contains the reservoir electrolyte, the
reservolr electrolyte forms an electrical connection
between the capillary second end and the needle, and
when a first electrical potential 1s applied between the
clectrode and the needle, capillary electrophoresis sepa-
ration 1s effected:
a counter-clectrode adjacent the downstream orifice,
wherein
when the tlow-through micro-reservoir contains the reser-
voir electrolyte; and
a second electrical potential 1s applied between the needle
and the counter-clectrode, electrospray 1onization 1s
elfected downstream of the flow-through micro-reser-
voir, thereby separating the capillary electrophoresis
separation and the electrospray 1onization.

19. The capillary electrophoresis-mass spectrometer sys-
tem of claim 18 wherein the needle has a beveled tip.

20. The capillary electrophoresis-mass spectrometer sys-
tem of claim 19 wherein the internal tapered chamber of the
needle has a parabolic shape, the parabolic shape having a
smaller diameter at the downstream orifice of the needle and
a larger diameter at the opening of the internal tapered cham-
ber.

21. The capillary electrophoresis-mass spectrometer sys-
tem of claim 18 further comprising a second vial or other fluid
reservolr 1n fluid communication with the upstream opening,
ol the needle wherein the second vial or other fluid reservoir
1s pressurized and wherein the second vial or other fluid
reservolr provides the reservoir electrolyte.

22. The capillary electrophoresis-mass spectrometer sys-
tem ol claim 18 wherein the first vial 1s pressurized and
wherein the first vial provides the reservoir electrolyte.

23. The capillary electrophoresis-mass spectrometer sys-
tem of claam 18 further comprising a junction means
upstream of the needle for providing an auxiliary solution
whereby the auxiliary solution 1s directed to tlow coaxially
along the outside of the capillary from the upstream opening
of the needle to the flow-through micro-reservorr.

24. The capillary electrophoresis-mass spectrometer sys-
tem of claim 23 wherein the junction means further comprises

a tubular body portion having a first opening and a second

opening, the first openming axially opposed to the second

opening, the tubular body portion dimensioned and con-

figured to allow passage of the capillary therethrough;

a means for securing the capillary 1n the first opening;

a means for securing the needle 1n the second opening;
and

a tubular branch portion having a branch opening, the
tubular branch portion being in fluid communication
with the tubular body portion via the branch opening
located between the first opening and the second
opening of the tubular body portion, the tubular
branch portion provided with means for securing an
auxiliary capillary within the branch opening.

25. The capillary electrophoresis-mass spectrometer sys-
tem of claim 24 wherein the needle has a beveled tip and the
internal tapered chamber of the needle has a parabolic shape,
the parabolic shape having a smaller diameter at the down-
stream orifice of the needle and a larger diameter at the
opening of the internal tapered chamber.

26. The capillary electrophoresis-mass spectrometer sys-
tem of claim 18 wherein the internal tapered chamber of the
needle has a parabolic shape, the parabolic shape having a
smaller diameter at the downstream orifice of the needle and
a larger diameter at the opening of the internal tapered cham-
ber.
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277. The capillary electrophoresis-mass spectrometer sys-
tem of claim 18 further comprising a second vial or other fluid
reservolr 1n fluid communication with the upstream opening
ol the needle wherein the second vial or other fluid reservoir
1s pressurized, and,

the first vial 1s pressurized; and

the first vial and the second vial or other fluid reservoir

provide the reservoir electrolyte.

28. The capillary electrophoresis-mass spectrometer sys-
tem of claim 18 further comprising a second vial or other tluid
reservolr 1n tluid communication with the upstream opening
ol the needle wherein the second vial or other fluid reservoir
1s pressurized, and,

the needle has a beveled tip;

the internal tapered chamber of the needle has a parabolic

shape, the parabolic shape having a smaller diameter at
the downstream orifice of the needle and a larger diam-
cter at the opening of the internal tapered chamber;

the first vial 1s pressurized; and

the first vial and the second vial or other fluid reservoir

provide the reservoir electrolyte.
29. An interface for coupling a column separation system
with an iline downstream detection system, the interface
comprising;
an electrically conductive hollow needle having an inner
wall defining an internal tapered chamber, the needle
having an upstream opening and a downstream orifice,
the downstream orifice axially opposed to the upstream
opening, the internal tapered chamber dimensioned and
configured to have a diameter decreasing from a larger
diameter at the opening to a smaller diameter at the
downstream orifice to form a taper on the inner wall 1n a
longitudinal direction from the upstream opening to the
downstream orifice; and
a capillary having an upstream inlet end, a downstream
terminus end and an outer diameter, a capillary outer
diameter being greater than the downstream orifice,

the larger diameter at the opening of the needle 1s dimen-
stoned and configured to slidably accept the end of the
capillary, and i operational state the capillary longitu-
dinally inserted into and mounted within the internal
tapered chamber to a distance whereby the terminus end
of the capillary abuts the inner wall of the needle at the
taper, and

a flow-through micro-reservoir 1s formed between the ter-

minus end of the capillary and the downstream orifice.

30. The interface of claim 29 wherein the needle has a
beveled tip asymmetric about a needle axis.

31. The interface of claim 29 wherein the internal tapered
chamber of the needle has a parabolic shape, the parabolic
shape having a smaller diameter at the downstream orifice of
the needle and a larger diameter at the opening of the internal
tapered chamber.

32. The interface of claim 29 wherein,

the needle has a beveled tip asymmetric about a needle

axis; and

the internal tapered chamber of the needle has a parabolic

shape, the parabolic shape having a smaller diameter at
the downstream orifice of the needle and a larger diam-
cter at the opening of the internal tapered chamber.

33. The interface of claim 32 wherein the downstream
orifice of the needle 1s adapted for use as an electrospray
emitter.

34. The interface of claim 33 wherein the interface couples
a capillary electrophoresis system with a mass spectrometer.

35. The interface of claim 29 wherein the column separa-
tion system 1s selected from a group consisting of a capillary
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clectrophoresis system, nano-liquid chromatography system,
ultra-high pressure microcolumn liquid chromatography sys-
tem and capillary electrokinetic chromatography system, and
wherein the inline downstream detection system 1s selected
from the group consisting of a mass spectrometer, fraction
collection apparatus, external analytical apparatus and capil-
lary flow-1njection system.
36. The intertace of claim 35 wherein,
the needle has a beveled tip asymmetric about a needle
axis; and
the internal tapered chamber of the needle has a parabolic
shape, the parabolic shape having a smaller diameter at
the downstream orifice of the needle and a larger diam-
cter at the opening of the internal tapered chamber.
37. The interface of claim 29 wherein the interface couples
a capillary electrophoresis system with a mass spectrometer.
38. The interface of claim 37 wherein the capillary 1s suit-
able to contain background electrolyte therein and the flow-

through micro-reservoir 1s suitable to contain reservoir elec-
trolyte, and wherein when the flow-through micro-reservoir
contains the reservoir electrolyte, the reservoir electrolyte
forms an electrical connection between the background elec-
trolyte and the conductive needle to cause capillary electro-
phoresis separation.
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39. The interface of claim 38 wherein the reservoir elec-
trolyte 1s provided through the capillary.

40. The interface of claim 38 wherein the reservoir elec-
trolyte 1s provided through the upstream opening of the
needle.

41. The interface of claim 38 wherein the reservoir elec-
trolyte 1s provided through the capillary and through the
upstream opening of the needle.

42. The interface of claim 38 wherein,
the downstream orifice of the needle 1s adapted for use as

an electrospray emitter;

the needle has a beveled tip asymmetric about a needle

axis;
the 1nternal tapered chamber of the needle has a parabolic
shape, the parabolic shape having a smaller diameter at
the downstream orifice of the needle and a larger diam-
cter at the opening of the internal tapered chamber; and

the reservoir electrolyte 1s provided through the capillary
and through the upstream opening of the needle.

43. The interface of claim 29 wherein the downstream
orifice of the needle 1s adapted for use as an electrospray
emitter.

44. The mnterface of claim 43 wherein the interface couples
a capillary electrophoresis system with a mass spectrometer.
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